Ni-Cu alloy thin films were electroplated onto graphite substrates in three electrode setup at varying applied overpotentials of -1.4, -1.5, and -1.6 V with an approximate Cu : Ni ratio of 1 : 20, 1 : 15, and 1 : 11 where the concentration of Ni was 0.175 M, and Cu were 0.009 M, 0.012 M, 0.015 M, respectively. The cyclic voltammetry experiments reveal that during the co-reduction of Cu and Ni there was no distinct peak. However, the dissolution had taken place with absolute anodic peaks for corresponding elements. Morphological results showed there was a transition from wavy layered structure to the nodular structure with an increase in deposition potential and Cu concentration in the bath. The compositional analysis revealed that the film was getting richer in Ni with an increase in deposition potential and a decrease in Cu ion concentration in the electrolyte bath. Magnetic Force Microscopy (MFM) technique indicated that there was a definite and distinct impact of deposition potential and composition on the distribution of magnetic phase in the alloy film. 
Introduction
Magnetic thin films either single layer or multilayer are showing increasing potential nowadays because of their unique properties. Thin film alloys show totally different magnetic properties compared to their bulk counterpart [1, 2] . These thin films are extensively used in the fabrication of microelectromechanical systems [MEMS] , micro-inductors, actuators and sensors, hard disk drives [HDD] , magnetic recording media [3] [4] [5] . Magnetic domain structure is responsible for the magnetic behaviour of ferromagnetic materials like iron, cobalt, nickel, and their alloys [6] . A magnetic domain is a region inside a magnetic material in which the magnetic fields of atoms are grouped together and aligned [7] . The regions separating magnetic domains are called domain walls. Hence the study of molecular structures of the magnetic thin films may lead to data storage on the nanometer scale and a better understanding of the fundamental limits of magnetic data storage devices.
Due to its ferromagnetic properties, Ni and its alloy thin films have been widely researched and used in the applications mentioned above. However, the only demerit is that they do not possess low coercive value. So the addition of Cu was found to be beneficial to decrease the coercivity and increase the corrosion resistance of the film. Moreover, Ni-Cu system is one of the most studied topics since Ni and Cu have an identical crystal structure and nearly the same lattice parameters [8] [9] [10] [11] . There are many vacuum based vapour phases as well as chemical techniques which are being practized for the synthesis of these magnetic thin films. However, the common drawbacks of these techniques are due to their high cost, high energy requirement, treatment of gaseous wastes, and handling of a hazardous chemical. Conversely, electrodeposition stands out from the rest of the techniques because it is simple, fast, and cost-effective. It can be done at room temperature and pressure. The particle size, crystallographic orientation, thickness, and morphology of thin films can be easily modified by controlling the bath chemistry and various deposition parameters [12, 13] . The concentrations of bath and operating conditions (current density, potential, pH) have a direct influence on the stoichiometry, composition, microstructure, and surface morphology of Ni-Cu alloy films. Increase in Ni-ion concentration [10] , current density [14] , and deposition potential [15] were found to increase the nickel content in the alloy films. With the increase in Ni content of the film the saturation magnetization [9] of Cu-Ni films increases and a transition from paramagnetic to ferromagnetic behaviour is seen [9, 16] . The deposition process also gets affected by the Ni/Cu ratio in the electrolyte. Cu content of the film increases with an increase in Cu concentration in the electrolyte. Furthermore, with an increase in Cu content and a decrease in electrolyte pH [17] the surface roughness of the Ni-Cu alloy films increases [18, 19] . It was also found that films grown at high pH are harder to magnetize compared to those at low pH [8] .
Hence there is ample scope to study the effect of deposition potential and concentration to synthesize the films and manipulation further to the sought required applications.
There are many techniques by which we can do the magnetic characterization [20] [21] [22] [23] . Among all the available methods to characterize magnetic properties, magnetic force microscopy (MFM) is the least explored and could be the most potent one if explored extensively. It could provide an internal structure of the domain, domain walls and magnetic spin distribution within it [24] . MFM uses both magnetic force and Van der Waals force during characterization so one can get information about both surface topography and surface magnetic properties. The authors have also reported an analysis on the effect of ultrasound on the magnetic topography of electroplated Ni films by Magnetic Force Microscopy (MFM) [24] .
Hence the present investigation is focused on the deposition thermodynamics and kinetics of the phase transformation phenomena and variation of the composition of the Cu-Ni alloys, morphology, and magnetic structure with electrolyte composition and applied potential to the working graphite electrode.
Experimental
The electroplating bath for Ni-Cu alloy contained 0.175 M NiSO 4 ·6H 2 O, 0.46 M H 3 BO 3 and different concentrations of CuSO 4 ·5H 2 O (0.009, 0.012, and 0.015 M) to maintain an approximate Cu/Ni concentration ratio of 1 : 20, 1 : 15, and 1 : 11, respectively. All the chemicals were of analytical grade and solutions were freshly prepared with double distilled water. The electrochemical measurements were performed in a conventional three-electrode cell using Potentiostat/Galvanostat (Autolab PGSTAT 12) equipment interfaced with GPES software. The working electrode was a flat graphite bar (Asbury, USA) with an exposed area of 0.0625 cm 2 . The reference electrode was Ag/AgCl, and the counter electrode was also a graphite bar (Asbury, USA) of larger surface area than the cathode surface. Before each experiment graphite electrodes were polished with different grades of emery paper, then repeatedly treated with ultrasound and successively washed with distilled water and acetone for 20 min. The electrodes were finally dried with the help of hot air blower. In Ag/AgCl electrode the reference electrolyte used was 3 M KCl having the standard potential of 207 mV/SHE (25 • C). The bath temperature was maintained at 298 K (25 • C) for all the depositions. XRD patterns were recorded from 40
• to 100
• with a Philips X-pert MPD system diffractometer using Cu Kα at an accelerating voltage of 40 kV. Data was collected at a counting rate of 1 • min −1 . Scanning electron microscope (SEM) JEOL 6480 LV equipped with an energy dispersive X-ray detector of Oxford data reference system was used to study film morphology and composition. The roughness analysis was done by Atomic Force Microscopy (SPM Laboratory--programmed Veeco diInnova). The surface topography and magnetic measurements were taken by Magnetic Force Microscopy (MFM) in tapping mode at a lift height of 50 nm with a Sb (n) doped Si tip coated with Co/Cr/BOT -1-10 nm Cr on both sides.
Results and discussion

Cyclic voltammetry
Cyclic voltammetry was studied to determine the redox couple and its kinetics for the individual metal systems (Ni and Cu) as well as the alloy system. Figure 1a shows the superimposed cyclic voltammograms for Ni, Cu, and Ni-Cu alloy for the deposition and dissolution phases onto graphite substrates in different scanning ranges and at a scan rate of 10 mV s −1 . For nickel deposition, there was no increase of negative/reduction current until the potential reached to -0.5 V vs. Ag/AgCl, which is also the crossover potential for the system. The presence of a crossover is diagnostic for the nucleation and growth phase on the electrode. At this voltage, the cathodic current started to increase and formed the reduction peak (E pc,Ni ) at -1.7 V vs. Ag/AgCl. Then the current increased to the vertex potential without any noticeable change, which might be ascribed to nickel deposition with simultaneous hydrogen evolution. After then, the cathodic current decreased gradually until it crossed at 0 V and turned into the anodic current. Upon sweep reversal, metal already deposited on the electrode surface continued to grow as a result of the reduction of Ni 2+ to Ni(s), the said reaction remaining thermodynamically and kinetically favourable. Further sweep in the positive direction resulted in the anodic peak (E pa,Ni ) at +0.158 V vs. Ag/AgCl which is the dissolution peak of Ni deposition [19] . The early dissolution and delayed deposition of metal confirm the dynamic nature of the metal. The increase in current past the peak at a potential of +1.5 V vs. Ag/AgCl could be due to oxygen evolution at electrode surface (confirmed by EDS analysis but not shown here). The value of (E pc,Ni -E pa,Ni ) is greater than 70 mV, indicating that the nucleation and growth phase kinetics might have followed a mixed mass and charge controlled (quasi-reversible) process. Also, the ratio of I c , Ni (the current at E pc,Ni ) and I a,Ni (the current at E pa,Ni ) is 3.27, which may further supplement the above inference on the kinetics aspect. For copper, there is no distinct reduction peak; however, there is an increase of cathodic current with the increase of negative bias. This, of course, is due to the evolution of hydrogen at such high overpotential as copper cannot have a distinct reduction peak at such low copper ion concentration of the solution. Upon reversing the direction of the current, the crossover potential formed at the potential of +0.17 V vs. Ag/AgCl. However, there is a very distinct anodic peak around +0.5 V, which might be either due to oxidation of water to oxygen or intercalation of anions into the graphite substrate at such high temperature.
Cyclic voltammograms for Ni-Cu alloy for the deposition and dissolution phases onto graphite substrate at the scanning range of -1.6 to +1.6 V at a scan rate of 10 mV s −1 in different Cu concentration solution are shown in Fig. 1b . The alloy has got reduced without any reduction peak and has consumed less charge than any of the individual components, i.e. Ni and Cu. This may be an indication of steady and irreversible incorporation of the metals in the alloy lattice during metal discharge. There are no remarkable differences in the reduction peaks at different Cu concentration. However, there is a shift of dissolution peak (anodic peak) towards more positive potential as Cu concentration in the alloy bath increases. This may be because of high availability of Cu ions in the ionic atmosphere with an increase in Cu concentration in the bath. Again there is an increase in the anodic peak area as the Cu concentration increases. We can observe from these facts that over-potential of the cathodic process is practically independent of concentration, whereas anodic peak maximum does depend upon the amount of metal reduced. It can also be observed that there are multiple anodic peaks for the alloy dissolution corresponding to the subsequent dissolution of Ni and Cu. The anodic peaks are at potentials of 0.090 V, 0.196 V, and 0.288 V vs. SCE for 0.009 M, 0.012 M, and 0.015 M, respectively. However, for 0.015 Cu concentrations, only one dissolution peak is present, indicating only the coupled metal dissolution reaction at the electrode surface.
To analyse the cathodic efficiency (Q a /Q c ratio) of the elemental and alloy deposition, the charge due to cathodic (Q c ) and anodic (Q a ) processes can be obtained from integration of the cathodic and anodic branches of the I-E curves. The Q a /Q c ratio for the Ni deposition from the solution was found to be 0.79. The cathodic efficiency of copper redox reactions is 0.25. This indicates that Ni and Cu deposited during the cathodic sweep potential were not totally oxidized during the anodic scan. The Q a /Q c ratio for the alloy deposition from the solution at 0.009 M Cu concentration is found to be 0.32. Faradaic efficiency has increased to 1.07 with increasing copper concentration in the solution. This over efficiency indicates that other simultaneous reactions might have occurred at the anode surface, i.e. oxygen evolution at the anode surface.
Phase transformation mechanism
During synthesis of magnetic thin films for a particular application, one should have adequate information about the influence of preparation technique and parameters on the resulting grain size and magnetic properties. Synthesis of thin films through electroplating is commenced through a technique called chronoamperometry (CA), where either a single or multiple potential steps are applied for a particular period [25] . From a CA curve, we can affirm about the nucleation and growth mechanisms taking place throughout the electrodeposition process.
CA current transients are recorded for Ni-Cu alloy at Ni concentration of 0.175 M and different Cu concentrations (0.009, 0.012, and 0.015) and deposition over-potentials of -1.4, -1.5, and -1.6 V which are shown in Fig. 2 . The recorded CA curves have a common trend of an initial decrease in cathodic current followed by an increase and then again decrease of the same. These three regions of current behaviour are generally due to double layer charging (DLC), nucleation, and growth of the newly formed phase, respectively. The current consumption for DLC is non-faradaic in nature. A change in potential at the working electrode from its equilibrium value necessarily causes a charge imbalance across the interface which must be neutralized by rearrangement of charged species in the solution near the electrode surface. After the double layer charging, the current increases rapidly to a maximum where the two ions reduce and form the alloy nuclei at the electrode surface. Then the subsequent fall of current occurs which indicates the growth of the nuclei at the electrode surface under diffusion controlled reaction according to the Cottrell behaviour. The general behaviour of the CA curves is that as the negative overpotential increases the reduction current increases and nucleation time is shorter. However, the nucleation process at a concentration of 0.009 M seems to be incomplete or progressing at all deposition potentials. It may indicate that the alloy deposition has much scope to attend a stoichiometric composition after a longer period of deposition. At Cu concentration of 0.012 M, both the nucleation and growth processes are completed, but the nucleation is longer, indicating a slow but complete occupancy of the available active nucleation sites. The films deposited at 0.015 M Cu concentration seem to be the best as the current is maximum and nucleation time is shorter, and there is still scope for further growth as the slope of the growth current is negative and not zero. Hence, the results signify nucleation time was shorter for high negative potential and high Cu concentration bath.
There are mainly two types of nucleation and growth mechanism: mononuclear growth (two-dimensional nucleation 2D) and polynuclear growth (threedimensional nucleation 3D). Deposition happens through layer by layer of adatoms on the depositing plane in the case of mononuclear growth, whereas random incorporation of isolated supercritical nuclei on the substrate occurs in the case of polynuclear growth. The mode of incorporation of nuclei directly affects the magnetic moments of the atom. This nucleation process is basically of two types: instantaneous and progressive. In instantaneous nucleation, all the nuclei form at the same time and growth occurs at a slow rate in the further course of time. However, in progressive nucleation both nucleation and growth occur at a fast rate throughout the deposition process. There are several models available to explain this nucleation behaviour through the CA. Equations are used in the form of dimensionless curves where either (I/I m ) or (I/I m ) 2 are plotted against (t/t m ), where I m is potentiostatic current maximum and t m is the corresponding time in CA curve. Of all the models available we have chosen the model given by Bewick et al. [26] and Scharifker and Hills [27] for the analysis of 2D and 3D nucleation mechanism and kinetics, respectively. To plot the theoretical model for 2D instantaneous and progressive nucleation, Eqs. (1) and (2) are given, respectively [26] :
Similarly, for 3D instantaneous and progressive nucleation to plot the theoretical model, Eqs. (3) and (4) 
Nucleation mechanism has been studied in the present investigation by comparing theoretical curves with the experimental data to identify the mode at deposition potential -1.5 V for three Cu concentrations of 0.009, 0.012, 0.015 M, and is shown in Figs. 3a-c , respectively. From the curves of all the respective Cu concentrations, it is observed that theoretical 2D and 3D curves are closely following the same path initially up to the maximum current peak. The observation indicates that new and active nuclei are induced in all the activated nucleation sites at same time. After reaching the maximum, 2D curves retreat from the view very quickly after forming a monolayer since it is evident from the equations followed where exponential function decreases much faster than their coefficients increase with time. Experimental 2D and 3D curves end up in an elevated plain path; this entire mechanism may be caused due to ensuing formation of new layers successively above the monolayer which prevents current from decreasing. From the modelling analysis, it is obvious to ignore the 2D curves to interpret the appearance of nucleation sites, whereas con-T a b l e 1. Kinetic parameters of Ni-Cu alloy thin film deposits from chronoamperometry curve under varying Cu concentration at -1.5 V deposition potential sidering expanded span of time, i.e. t ≥ t m experimental curves are in consensus with the growth mechanism for 3D instantaneous nucleation followed by diffusion limited growth. Calculation of diffusion coefficient D and nucleation number density N (Eqs. (5) and (6)) [28] has been done for the Ni-Cu depositions for all the concentrations of Cu at 0.009, 0.012, and 0.015 M at -1.5 V, and the results are given in Table 1 .
where z is the number of electrons participating (in this particular case number of electrons are 2), F is the Faraday's constant having value equal to 96500 coulomb, C is the bulk concentration of the reactant in the electrolyte and k is the constant which can be calculated as 8πCM ρ 1 2 , where ρ is the mean density of nickel and copper which is taken as 8.9 g cm −3 , and M is the mean molecular weight of the nickel and copper (taken as 61.115 g). The diffusion coefficient had maximum value for 0.012 M Cu concentration and again decreased for 0.015 M Cu concentration, while nucleation number density was calculated highest in the case of 0.012 M Cu concentration bath with respect to others. Figure 4 shows the XRD patterns of Ni-Cu alloy at 0.009, 0.012, and 0.015 M Cu concentration at different deposition potential on the graphite electrode at 25
X-Ray Diffraction (XRD)
• C. The figure shows Cu-Ni alloy peaks, Ni peaks along with the peaks from the substrate material. The alloy film thickness is less than 2 µm so that X-ray might have penetrated to the surface more past the coating resulting carbon identification. So the pure phase is not analysed. There is only a single peak of Cu-Ni alloy at 2θ ≈ 44
• which can be indexed as reflection from (111) characteristic plane and various peaks of nickel at 2θ ≈ 45
• , 77
• , 93
• which corresponds to reflection from (111), (220), and (311) characteristic planes, respectively. The crystallite size and lattice strain are calculated by Williamson-Hall formula [28] . The broadening of X-ray line because of particle size and lattice strain of the deposits generates the formula as:
The total broadening (β total ) is the measured FWHM in radians, corrected for instrumental broadening. The X-ray wavelength of the source Cu Kα is λ = 0.15418 nm, where t is the particle size, and 4(Δd/d) represents the strain. Multiplying both sides of the equation by cosθ gives the final form, β total cos θ = 0.94λ/t + 4 sin θ(Δd/d), which is used to calculate the particle size and lattice strain of the separate metal deposit from the plot of β total cos θ versus sin θ. The values are shown in Table 2 . It can be easily seen that with an increase in negative deposition potential there is a decrease in crystallite size irrespective of Cu ion concentration in the bath.
Scanning electron microscopic (SEM) analysis
The micrographs of Ni-Cu alloy obtained by electrodeposition from the sulphate bath at 298 K (25 • C) on the graphite substrate are shown in Fig. 5 .
It is evident from the figure that the deposition is uniform throughout the surface and exhibits a wavelike appearance. The decrease in grain size with increase in deposition potential is clearly evident. Micrographs revealed that deposit morphology was strongly dependent on the deposition potential and Cu concentration. As the Cu concentration increases in the electrolytic bath, the deposits are more uniform and dense. Nodular nuclei are formed at Cu 0.015 M concentration. The morphology has changed from wavy layered structure to nodular structure with an increase in Cu concentration. The EDS analysis in Table 3 shows the Ni and Cu composition in the bath at a different potential and different Cu concentration. It can be seen from the table that, for a particular electrolyte bath type, there is a continuous increase of Ni in the film with an increase in deposition potential [15] . Also, there is a consistent decrease in the wt.% of Ni in the film with an increase in the Cu ion concentration (decrease in Ni ion concentration) in the electrolyte bath (0.009 to 0.015 M) for a particular deposition potential [10] . Impurities like S and O in the film are neglected and not mentioned in the table since these are present in some minor amount.
Roughness analysis
The roughness of the deposited Cu-Ni alloy thin films was measured by AFM by performing line scan at various sections of the deposited film. Experimental values like distribution of grains, roughness, and the average height of the films are summarized in Table 4 . It is well known from the various literature that roughness of the deposited film increases with an increase in Cu content of the film [18, 19] . However, no such relationship was observed in the present study. For a particular bath type (0.009 M Cu) the grain size was continuously decreasing with an increase in deposition potential. Whereas for a constant deposition potential (-1.6 V) there is an increase in the grain size with an increase in the Cu content in the electrolyte bath (0.009 to 0.015 M Cu). The average height is vary- ing within a range of 429-768 nm for Cu-Ni films deposited from different electrolyte bath with different potential.
Magnetic phase characterization
To thoroughly understand and investigate the magnetization behaviour of the co-deposited diamagnetic-ferromagnetic Cu-Ni alloy thin films, a qualitative analysis has been performed by using the MFM as shown in Fig. 6 . The coercivity (both in-plane and perpendicular) of the Sb(n) doped Si tip coated with Co/Cr/BOT -1-10 nm Cr on both sides is ∼ 950 Oe. Hence the magnetic phases present in the film are expected to have been fully magnetized during the scanning. For comparison, the topographic, as well as MFM images of Ni are also presented in Fig. 6 along with the images of thin films under different conditions. The topographic micrographs indicate the presence of aggregates of different sizes on the electrode surface. It can be found from the figure that the Ni deposit is the finest as compared to the alloy films.
The amplitude mode MFM images of the sample can be clearly observed in Fig. 6 . The scan height was set at 50 nm. The applied AC peak voltage (V p ) to the sample is 4.8 V with a frequency of 67 kHz. It can be observed clearly that there are many bright areas in the amplitude image (Fig. 6b) . The amplitude signal is always positive. Here, the bright area has the large AC magnetic field, while the dark area has a value near zero for the AC magnetic field. Therefore, the bright areas should be corresponding to the magnetic phase of the films and the dark areas may be the nonmagnetic phase present therein. The analysis further supports to the logic as it can be observed that, the phase has almost 95 % bright phase which has been magnetized because of the interaction with the high magnetic field. Due to the incorporation of copper into the Ni films, the magnetic phases were found to be reduced/altered in a synchronized fashion as that of the Ni composition in the film (see Table 3 ). At a particular Cu concentration (0.015 M), with an increase of deposition potential, the percentage of bright phase was found to be increased and hence the degree of magnetization which is well expected and accepted (Figs. 6e,h,k) . Now, considering the dipole moment system in the films, bright and dark stripe-like regions in the image (Fig. 6) can be observed prominently for Ni as well as alloy films. The phase image is used for the domain dipole contrast studies. However, in our case, the phase contrast images are less informative (not shown here). Hence the TM deflection images were used which were also due to the phase shift of the cantilever at certain lift height from the surface. Also for continuous films or bulk magnetic materials deflection images are much more informative. The alternative stripe patterns are caused by the out-of-plane magnetic domains separated by the 180 deg domain walls; the dark part is visible because of low resolution. Large negative shifts in the resonance frequency are black, and large positive shifts in the resonance frequency are white. Alternatively, the peaks and valleys represent the magnetic flux generated from the northand south-pole transitions, respectively. It can be observed from the figures that Ni being in the ferromagnetic materials has a very systematic pattern of stripe domains with a width of 0.45 µm. However, when copper is incorporated, the patterns get disturbed and thickened. At lower copper concentration and higher deposition potential, we observe much more intense and localized magnetic domains of uniform size.
Conclusions
Ni-Cu magnetic alloy thin films were cathodically electroplated onto graphite electrodes at various over-potentials and different Cu concentrations. Cyclic voltammograms (CV) and chronoamperometry (CA) were performed in different potential range to set the deposition potential and identify the mode of electrodeposition process. There is a significant increase in the maximum reduction current with increasing Cu concentration in the electrodeposition alloy bath. For Ni-Cu alloy, nucleation time was shorter for high negative potential and low Cu concentration. Also, the mode of nucleation was 3D type irrespective of deposition potential and composition of the depositing bath. The phases of the deposits are confirmed by the XRD analysis. Lattice strain and crystallite size were increased and decreased with deposition overpotential, respectively. Surface morphology and microstructure show passable dependence on the deposition potential and concentration of the bath. EDS analysis for Ni-Cu alloy confirms that as the potential increases and Cu concentration decreases, the films get richer in Ni. Magnetic microstructure (MFM) analysis demonstrates that the magnetic domain structure is better for Ni-Cu alloy deposits at lower Cu concentration and high deposition potential.
